Introduction
The nature of future climate change due to increasing anthropogenic emissions of greenhouse-gas concentrations is still a topic of considerable debate. Analyses of both the observed record and transient integrations with climate models forced by scenarios of increasing greenhouse gases (GHG) concentrations have suggested that anthropogenic climate change may manifest itself as a projection onto the dominant modes of natural variability (Hsu and Zwiers 2001, Stone et al. 2001) . Support for this paradigm arises from evidence of recent observed trends in the North Atlantic Oscillation (NAO) Van Loon 1997, Thompson et al. 2000) as well as its linear response in several anthropogenically forced transient integrations (Gillett et al. 2002a) . A non-linear perspective of the projection has also been proposed, in which the climate system response to greenhouse forcing would be reflected in a shift of the residence frequency of the system in certain quasi-stationary regimes (Palmer 1999 , Corti et al. 1999 ).
Methodology: modelling approach and data analysis
The global atmospheric general circulation model (AGCM) used in this study is the variable resolution new version of the Météo-France ARPEGE climate model (Gibelin and Déqué 2003) .
It has a T106 spectral truncation and 31 vertical levels. The variable resolution allows one to increase the spectral and gridpoint resolution in a region of interest. The centre of the highresolution region is called the stretching pole and is located at the centre of the Mediterranean basin. The highest horizontal resolution is about 0.5° and stays fairly high over the North Atlantic European (NAE) sector due to a weak resolution gradient. The high-resolution AGCM is used to obtain an improved regional level simulation over specific periods of interest or time slices from fully coupled coarse resolution climate models. A first ensemble (hereafter CC) of three time-slice experiments has been performed for the current climate where the model is forced by monthly mean observed sea surface temperature (SST) (Smith et al. 1996) and historical GHG and sulphate aerosol concentrations. A second ensemble (hereafter CS) of The mean SST changes are derived from transient simulations with the ARPEGE-OPA (Royer et al. 2002) , and HadCM3 (Jones et al. 2003) coupled general circulation models (CGCMs), which have been both forced by the A2 and B2 SRES scenarios.
Clustering analysis based on the k-means partitioning algorithm (Michelangeli et al. 1995) has been used to describe possible changes in the NAE winter atmospheric circulation due to anthropogenic influence. The algorithm seeks preferred or recurrent atmospheric patterns (clusters or climate regimes hereafter) in the atmospheric state space. Given a prescribed number of clusters k, the algorithm iteratively finds the partition that minimizes the ratio of the variance within clusters to the variance between cluster centroids. Standard reproducibility and classifiability tests are then used to objectively define k and to assess the robustness and the consistency of the partition (Michelangeli et al. 1995) . The algorithm is applied to mean sea level pressure (MSLP) anomalous monthly means using data from the concatenation of all timeslice experiments (for both current and future climate). Note that the reference climatology used to derive all the anomalous MSLP data is the CC ensemble mean. The partition is performed for the extended winter period (November through March) over the NAE sector defined as (90°W-50°E/20°N-80°N). The analysis is carried out in a reduced phase space spanned by the first 10 empirical orthogonal functions (EOFs), which explain 90% of the total variance.
Results
Five winter climate regimes have been found to provide the optimal partition for the simulated MSLP over the NAE sector (Figure 1a coherent with a recent detection study of human influence on MSLP using a multi-model approach (Gillett et al. 2003) , which has suggested that current coarse resolution CGCMs 7 significantly underestimate the amplitude of sea-level pressure response to anthropogenic forcing.
Summary
In agreement with previous studies (Paeth et al. 1999, Ulbrich and Christoph 1999) , we thus suggest that anthropogenic forcing may induce climate change over the NAE sector for the winter period through changes in occurrence of the NAO regimes, in addition to direct radiative forcing. The full understanding of the dynamical mechanism leading to the preferential excitation of the NAO + regime requires further study. Our results indicate also that, in addition to the open questions of stratosphere influence (Shindell et al. 1999 , Gillett et al. 2002b ) and the ocean's role in forcing NAO-type atmospheric fluctuations (Rodwell et al. 1999 , Hoerling et al. 2001 Figure 1 (a-e) Contours of the MSLP composites associated with the five simulated wintertime NAE atmospheric circulation regimes. The selection criterion requires that a given regime is dominant in at least 3 out of the 5 winter months for the corresponding year to be included in the appropriate composite. The areas within the purple contours indicate the 99% confidence level of significant MSLP anomalies (hPa) using an alternative procedure (rather than the usual and inappropriate t-test) for significance testing in composite analysis (Terray et al. 2003) . 
